New hybrid functional materials based on carbon: synthesis, characterization and study of properties by Zygouri, Panagiota
  
 University of Groningen
New hybrid functional materials based on carbon: synthesis, characterization and study of
properties
Zygouri, Panagiota
IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.
Document Version
Publisher's PDF, also known as Version of record
Publication date:
2016
Link to publication in University of Groningen/UMCG research database
Citation for published version (APA):
Zygouri, P. (2016). New hybrid functional materials based on carbon: synthesis, characterization and study
of properties. [Groningen]: University of Groningen.
Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).
Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.
Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the









2.1 Characterizations techniques 
This chapter focuses on the characterization techniques as well as the 
synthesis and the functionalization procedures of the carbon nanomaterials 
studied in this PhD project. The first part includes the instrumental parameters 
and conditions that were used when applying Fourier transform infrared 
spectroscopy, Raman spectroscopy, differential thermal and thermogravimetric 
analysis, X-ray diffraction, atomic force microscopy, transmission electron 
microscopy, scanning electron microscopy X-ray photoelectron spectroscopy, 
ultraviolet-visible spectroscopy, differential scanning calorimetry and 
broadband dielectric spectroscopy. In the second part all the synthetic routes 
and the functionalizations of each carbon material are presented in details. 
 
2.1.1 Fourier transform infrared spectroscopy (FTIR) 
(Chapters 4, 5, 6, 7) 
Infrared spectra were measured with a Perkin–Elmer Spectrum GX infrared 
spectrometer, in the region of 400–4000 cm−1; the spectrometer was equipped 
with a deuterated triglycine sulphate (DTGS) detector. Each spectrum was the 
average of 64 scans collected with 2 cm−1 resolution. Samples were in the form 
of KBr pellets containing ca. 2 wt% sample. 
 
2.1.2 Raman spectroscopy (Chapters 4, 5, 7) 
Raman spectra were recorded with a Micro–Raman system RM 1000 





2400 cm-1. A power of 1 mW was used with a 1 μm focus spot in order to avoid 
photodecomposition of the samples. 
 
2.1.3 Differential thermal and thermogravimetric analysis 
(DTA/TG) (Chapters 4, 5, 6, 7) 
Thermogravimetric (TGA) and differential thermal (DTA) analysis were 
performed using a Perkin Elmer Pyris Diamond TG/DTA. Samples of 
approximately 5 mg were heated in air from 25oC to 850 oC, at a rate of 5 
oC/min. 
 
2.1.4 X-ray diffraction (XRD) (Chapters 4, 5) 
High-resolution X-ray powder diffraction (XRD) profiles in Chapter 4 were 
recorded with a monochromatic Cu Kα (=1.5418 Å) radiation source (operated 
at 30 keV and 35 mA) and a vertically mounted INEL cylindrical position-
sensitive detector (CPS120), used in the Debye-Scherrer geometry to enable 
simultaneous acquisition of the diffraction profile over a 2θ range between 4° 
and 120° (with an angular step of 0.029° (2θ)). For XRD measurements, the 
powder sample was placed into a Lindemann capillary tube (0.5 mm diameter). 
In Chapter 5 the XRD patterns were collected on a D8 Advance Bruker 
diffractometer by using Cu Kα (40 kV, 40 mA) radiation and a secondary beam 
graphite monochromator. The patterns were recorded in the 2-theta (2θ) range 
from 2 to 80°, in steps of 0.02° and a counting time of 2 s per step. Samples 
were in the form of films supported on glass substrates. For the preparation of 
the films, aqueous suspensions of the hybrids were deposited on glass plates 








2.1.5 Atomic force microscopy (AFM) (Chapter 5) 
The AFM images were obtained in tapping mode with a 3D Multimode 
Nanoscope (Bruker), using Tap-300G silicon cantilevers (Ted Pella Inc.) with a 
tip radius <10 nm and a force constant of ≈ 20–75 N m-1. Samples were 
deposited onto silicon wafers (P/Bor, single side polished, Si-Mat) from 
aqueous solutions by drop casting. 
 
2.1.6 Transmission electron microscopy (TEM) (Chapter 5) 
TEM images were recorded by a Philips CM12 microscope operating at 120 
kV, on samples prepared by drop casting a stable aqueous dispersion of 
oxidized CND over form var/carbon copper grids (200 meshes). TEM images 
were recorded with a CCD camera (Gatan 791). 
 
2.1.7 Scanning electron microscopy (SEM) (Chapter 5) 
Scanning Electron Microscopy (SEM) images were recorded using a Jeol 
JSM 7401F Field Emission Scanning Electron Microscope equipped with 
Gentle Beam mode. Gentle Beam technology can reduce charging and improve 
resolution, signal-to-noise, and beam brightness, especially at low beam 
voltages (down to 0.1 kV). The applied acceleration voltage was 2 kV and 
samples were mounted on metallic (brass) substrates using a double coated 
carbon conductive tape. 
 
2.1.8 X-ray photoelectron spectroscopy (XPS) (Chapter 4, 5) 
X-ray photoelectron spectroscopy (XPS) data in Chapter 4 were collected 
using an SSX-100 (Surface Science Instruments) spectrometer equipped with a 
monochromatic Al Kα X-ray source (hν=1486.6 eV). The photoelectron take 
off angle was 37° with respect to the surface normal, and the energy resolution 





signal-to-noise ratio. Binding energies were referenced to the C 1s core level at 
285.0 eV.[1] Spectral analysis included a Shirley background subtraction and 
peak separation using mixed Gaussian-Lorentzian functions in a least-squares 
curve-fitting program (Winspec) developed in the LISE laboratory of the 
University of Namur, Belgium. For the N 1s line, we employed a linear 
background subtraction because the low peak intensity did not allow for 
Shirley background subtraction. The photoemission peak areas of each element 
used to estimate the amount of each species within the probed volume were 
normalized to the sensitivity factors of each element tabulated for the 
spectrometer used. All the measurements were performed on freshly prepared 
samples in order to guarantee the reproducibility of the results. Three different 
spots were measured on each sample to check for reproducibility. In Chapter 5 
for the X-ray Photoemission measurements, the samples were dispersed in 
water and after very short sonication a small droplet of the suspension was 
drop-casted onto a gold substrate and left to dry at room temperature. The 
samples were then introduced in an ultra-high vacuum (UHV) system via a 
loadlock and kept under UHV for at least 12 hours before measurement, 
allowing for the removal of volatile substances and/or solvents. The spectra 
were recorded using a SPECS GmbH system, equipped with a twin Al-Mg 
anode X-Ray source and a multi-channel Hemispherical Sector electron 
Analyzer (HSA-Phoibos 100). The base pressure in the spectrometer was 
9×10-9 Torr during all measurements. The pass energy was set at 20 eV 
providing a full-width at half maximum (FWHM) value of 1.1 eV and thus 
minimizing sample exposure to the X-rays (measuring time). The photoelectron 
take-off angle was 90°. All binding energies were referenced to the C 1s core 
level line of the C-C bond at 285.0 eV and are given ±0.1 eV.[2] Spectral 
analysis included a Shirley background subtraction and peak fitting using 
mixed Gaussian-Lorentzian functions in a least squares curve-fitting program 
(Winspec) developed in the LISE laboratory of the University of Namur, 
Belgium. The substrates were freshly evaporated gold films supported on mica; 





reproducibility of the results. The stability of all analysed samples against 
damage induced by the X-ray beam and by secondary electrons produced by 
photoemission in the underlying substrate was verified by monitoring the 
lineshape and relative intensity of the C 1s core-level as a function of 
irradiation time. No evidence of structural degradation was observed even 
when irradiation was continued twice as long as the acquisition time used for 
the reported spectra. 
 
2.1.9 Ultraviolet-visible spectroscopy (UV/Vis) (Chapter 5, 6) 
UV-Vis spectra were recorded on a Shimadzu UV-2401PC two beam 
spectrophotometer, employing quartz cuvettes of 10 mm path, in the range of 
200 – 800 nm, at a step of 0.5 nm, using combination of deuterium and halogen 
lamps, as sources. 
 
2.1.10 Differential scanning calorimetry (DSC) (Chapter 4) 
 Differential scanning calorimetry (DSC) was performed using a Q100 
Thermal Analysis instrument between 25 °C and 200 °C under nitrogen 
atmosphere, at heating and cooling rates of 2 °C min–1. DSC measurements 
were done placing the sample in an open vessel to reproduce the conditions of 
the TGA characterization. 
 
2.1.11 Broadband dielectric spectroscopy (BDS) (Chapter 7) 
For broadband dielectric spectroscopy measurements, the powder samples 
were mechanically pressed into pellets of submillimeter thickness between 7 
mm-diameter stainless steel electrode disks in parallel-plate capacitor 
geometry. Dielectric spectra were acquired in the frequency range from 10–2 to 





acquired between 125 and 360 K (with a temperature stability of ±0.3 K) in a 
N2 flow Quattro cryostat (Novocontrol Technologies); the sample was in a 
nitrogen flux during all measurements.  
 
2.2 Materials preparation  
2.2.1 Preparation of oxidized fullerenes (Chapter 4) 
Oxidized Buckminsterfullerene (oxC60) was obtained by a modified 
Staudenmaier method. In a conical flask, 100 mg of C60 (98%, Sigma-Aldrich) 
were added upon stirring to a mixture of 4 mL of H2SO4 (95-97%) and 2 mL 
HNO3 (65%) kept in an ice-water bath at 0 oC. 700 mg of KClO3 were then 
added in small portions to the mixture under vigorous stirring and the reaction 
was continued for 18 hours. 20 mL water were then added and the mixture was 
stirred for another 30 minutes. The resulting aqueous acid mixture was 
neutralized by slowly adding a 2M NaOH solution until a pH of 12 was 
reached. The precipitate was separated from the solution by centrifugation, 
washed with a 1M NaOH solution and centrifuged again.[3] This washing 
process was repeated three times in order to eliminate the remaining salts used 
or formed during the oxidation procedure. The precipitate was dispersed in 50 
mL toluene, stirred for 20 min and centrifuged to remove unreacted fullerenes. 
Finally, the oxidation product was dispersed in ethanol and air-dried on a glass 
plate.  
 
2.2.1.1 Functionalization of oxC60 with a primary aliphatic 
amine (Chapter 4) 
For the further chemical functionalization of oxC60, 100 mg of oxidized 
fullerenes, dissolved in 50 mL of distilled water, were mixed with a solution of 
300 mg of octadecylamine (ODA) in 16.5 mL EtOH while the pH was set to 7 
and the system was stirred for 24 h. The product was collected by 





denoted as oxC60-ODA). Figure 1 presents the structure of oxidized fullerenes 




Figure 1: Schematic representation of oxidized fullerenes (oxC60) and functionalized 
oxidized fullerenes (oxC60-ODA). 
 
2.2.2 Preparation of oxidized carbon nanodiscs (oxCNDs) 
(Chapter 5) 
The nanodiscs sample (also containing a small fraction of conical structures 
and amorphous carbon) produced from the Kværner carbon black and hydrogen 
process (CB&H) and further annealed at 2500-2700 oC was purchased from 
Strem Chemicals, Inc. (France). The predominance of nanodiscs in the material 
is demonstrated by the SEM image shown in Figure 2. In addition, considering 
that the cones and soot components were removed upon the oxidation 
procedure described below, the starting annealed carbon sample will be 







Figure 2: SEM image of the as purchased pristine annealed CNDs sample. 
 
Oxidization of carbon nanodiscs was achieved using a modified 
Staudenmaier method (see Figure 3).[4] In a spherical flask, 500 mg of CNDs 
were dispersed in a mixture of 20 mL H2SO4 (95-97%) and 10 mL HNO3 
(65%) while placed in an ice-water bath (0 oC) and the system was stirred for 
20 minutes. 10 g of KClO3 were then added in small portions to the mixture 
under vigorous stirring and the reaction was completed after 18 hours. The 
oxidation product (oxCNDs) was separated by centrifugation (3500 rpm, 10 
min) and washed several times with distilled water until a pH 6. The remaining 
solid was air-dried spreading on a glass plate. Figure 3 presents the preparation 








Figure 3: Schematic representation of the preparation of oxidized carbon 
nanodiscs (oxCNDs). 
 
2.2.2.1 Study of cytotoxicity in vitro (Chapter 5) 
(a) Loading of DOX onto oxCNDs. Doxorubicin hydrochloride (DOX) was 
loaded onto oxCNDs by mixing 10 mL of DOX aqueous solution with the 
concentration of 1 mg mL-1 and 10 mg oxCNDs using ultrasonication for 0.5 h. 
Subsequently, the mixture was stirred overnight at room temperature in the 
dark. The excess of DOX was removed by centrifugation at 14,000 rpm for 45 
min, and repeated rinsing. The resulting oxCNDs-DOX was collected after 
lyophilization and then stored at 4 oC until use. To estimate the DOX loading 
capacity, the supernatant was sampled, and the concentration of unloaded DOX 
was determined using a Cary 100 Conc UV-Visible spectrophotometer (Varian 
Inc.) at 480 nm with the standard absorbance−concentration calibration curve 
at the same wavelength.  
(b) ζ-Potential Measurements. Measurements of ζ-potential were conducted 
using ZetaPlus (Brookhaven Instruments Corp, USA). In a typical experiment, 
200 μL aqueous dispersions of oxCNDs or oxCNDs-DOX were diluted into 1.4 
mL water. Ten measurements of ζ-potential were obtained for each dispersion 





(c) Cell lines and culture conditions. The cells used in the study described in 
chapter 5 were the human lung carcinoma cell line A549, which were 
purchased from the European Collection of Animal Cell Culture (Wiltshire, 
UK). The cells were cultured in high glucose D-MEM medium with L-
glutamine (Biochrom) supplemented with 10 % fetal bovine serum (Biochrom) 
and penicillin/streptomycin (Biochrom) 10 U/mL/10 μg/mL. Cells were 
maintained at 37 oC in a humidified 5 % CO2 incubator and were subcultured 
twice a week after detaching with 0.05 % + 0.02 % (w/v) trypsin + EDTA 
solution (BIOCHROM).  
(d) MTT toxicity tests. In vitro cytotoxicity studies were performed using the 
MTT (3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium bromide) 
colorimetric method, according to the literature[5]. Briefly, exponentially 
growing A549 cells were seeded into flat bottomed 96-well plates at a 
concentration of 105 cells per well. The day after seeding, the medium was 
discarded and freshly prepared solutions of DOX and oxCNDs-DOX in D-
MEM at drug concentrations of 1, 5 and 10 μΜ mL-1 as well as CNDs solution 
(analogous concentration CNDs with that of oxCNDs-DOX) were added. 
Cell-seeded wells with only D-MEM growth medium were used as controls. 
The mitochondrial redox function (translated as cell viability at t ≥ 24 h post-
incubation) of all cell groups was assessed by the MTT assay at selected time 
points, namely 24 h, 48 h and 72 h post-incubation. This was performed by 
replacing cell media with complete media containing 1 mg mL-1 MTT and 
incubating at 37 °C in a 5 % CO2 humidified atmosphere for 4 h. MTT media 
were then removed from all cell groups and the produced formazan was 
solubilized with 100 μL isopropanol per well. The plates were subsequently 
shaken for 10 min at 100 rpm in a Stuart SI500 orbital shaker, the absorbance 
was measured for each well by a spectrophotometric [ELISA (enzyme-linked 
immunosorbent assay)] plate reader at 540 nm. Background absorption was 
measured at 620 nm and subtracted. Four replicates were used for each 





(e) Fluorescence Microscopy in Cells. Cells inoculated on 22 mm coverslips 
housed in 6/well plates at a concentration of 4x104 cells per well, as elaborated 
in the cell culture section, were incubated for 5 h with DOX and oxCNDs-DOX 
(drug concentration 1 and 5 μM). After washing the cover slips with PBS 
(Dulbecco Biochrom AG), the cover slips were mounted with an antifade 
solution of p-phenylenediamine (PPD, Sigma) and inverted onto microscope 
slides. An Olympus BX-50 microscope coupled with an Olympus DP71 digital 
colour camera was used to obtain both bright field as well as epifluorescence 
microscopy images of cells incubated with oxCNDs-DOX and DOX. 
Fluorescence excitation was facilitated by a Mercury USH 102D lamp (Ushio 
Electric), while fluorescence emission was imaged through an Olympus 
UPLFLN40x objective (NA 0.75), using a DAPI/FITC/TRITC filter (Chroma 
Technology Corp).  
 
2.2.2.2 Effect of oxCNDs on the catalytic characteristics of 
cytochrome c (Chapter 5) 
(a) Materials. Cytochrome c from equine heart was purchased from Sigma–
Aldrich (> 95 % pure, St. Louis, MO) and used without further purification. 
2-Methoxyphenol (guaiacol) was purchased from Sigma–Aldrich (St. Louis, 
MO) and hydrogen peroxide (30%, w/v) was obtained from Fluka. 
(b) Determination of cyt c activity. The peroxidase activity of cyt c was 
determined using the chromogenic substrate guaiacol. H2O2 (10 mM) was 
added to give a final assay mixture (containing 25 μg/mL cyt c, 25 mM 
guaiacol). The activity of cyt c was monitored by measuring the increase of the 
absorbance at 470 nm, due to guaiacol oxidation, at 40 oC. 
(c) Stability of cyt c. The stability of cyt c in the presence and absence of 
CNDs was investigated. Nanomaterial dispersions (25 μg/mL) in a phosphate 
buffer (50 mM, pH 7.0) containing guaiacol (25 mM) or H2O2 (10 mM) were 
preincubated at 40 oC and cyt c was added for a final concentration of 25 
μg/mL. Samples were withdrawn at regular time intervals in order to determine 





experiments were repeated in triplicate. The half-life times (t ½) were calculated 
as described elsewhere.[6] 
 
2.2.3 Preparation of graphite oxide (GO) (Chapter 6) 
During the oxidation procedure of graphite, 5 g of powdered graphite 
(purum, powder ≤0.2 mm, Fluka) were added in a mixture of concentrated 
sulfuric acid and nitric acid (200 mL, 95–97 wt% and 100 mL, 65 wt%, 
respectively) while cooling in an ice-water bath for 20 minutes. Thereafter, 100 
g of powdered KClO3 (Fluka) were added to the mixture in small portions 
under vigorous stirring. The reaction was completed after 18 h by pouring the 
mixture into ultrapure water and the oxidation product was washed until the pH 
reached 6.0. Finally, the obtained sample dried at room temperature.[7] The 




Figure 4: Schematic representation of the preparation of Graphite oxide (GO). 
 
2.2.3.1 Preparation of sulfonated graphite oxide (GO_OSO3H) 
(Chapter 6) 
 In a spherical flask 6 g of graphite oxide and 300 mL sulfuric acid were 





Thereafter, the mixture was placed in an ice bath and 600 mL of anhydrous 
diethyl ether were added in small portions under vigorous stirring. The sample 
was centrifuged and washed twice with diethyl ether and was dried in vacuum 
at 40 oC overnight.[8] The procedure is shown schematically in Figure 5. 
 
 
Figure 5: Schematic representation of the preparation of sulfonated Graphite oxide 
(GO_OSO3H). 
 
2.2.3.2 Preparation of carboxylated graphite oxide 
(GO_COOH) (Chapter 6) 
500 mg of graphite oxide were dispersed upon stirring in 250 mL of distilled 
water. 25 g of ClCH2COOH and 30 mL of NaOH (1M) were then added and 
the mixture was sonicated for 3 hours. After that time an aqueous HCl solution 
(1M) was added in small portions until the pH reached 7. The resulting mixture 







2.2.4 Intercalation of Ibuprofen into graphite oxide (GO), 
sulfonated graphite oxide (GO_OSO3H) and carboxylated 
graphite oxide (GO_COOH) (Chapter 6) 
In the effort to study the graphite oxide as efficient drug delivery system of 
Ibuprofen (IBU), 180 mg of IBU and 300 mg of GO were dispersed in 10 mL 
of EtOH (absolut) and 30 mL of distilled water, respectively. After the mixing 
of the two dispersions, the system was stirred for 2 hours while heating at 50 
oC. The solid part was separated by centrifugation (4000 rpm, 30 min) and the 
supernatant was filtered through a Millipore filter (0.45 μm FG). The IBU 
concentration in the supernatant of GO was determined via UV-Vis 
spectroscopy at λ=222 nm after dilution while the same absorption peak was 
found for pure Ibuprofen which was measured as reference to our materials. 
The resulting sample is denoted by IBU/GO. The above synthetic procedure 
was also followed for the case of sulfonated and carboxylated graphite 
oxide.[10] The resulting samples are denoted by IBU/GO_OSO3H and 
IBU/GO_COOH. 
 
2.2.5 In vitro drug release of Ibuprofen (Chapter 6) 
100 mg of either IBU/GO or IBU/GO_OSO3H or IBU/GO_COOH and 50 
mL simulated gastric fluid were added in dialysis membrane bags. The 
membrane bags were sunk in 200 mL gastric fluid (Sigma-Aldrich) and 
continuously the beakers were placed in an isothermal shaker bath at 37 oC for 
24 h. 3 mL of the dissolution media were sampled for UV-Vis measurements to 
determine the percentages of the released Ibuprofen at λ=222 nm. Immediately 
after taking these samples, the dissolution media were refilled in order to keep 
the volume constant. Measurements were taken every 30 minutes. Also, the 
procedure was repeated and the drug release of these materials was studied in 







2.2.6 Preparation of brominated fullerenes (C60Br6) (Chapter 7) 
79 mg of pristine fullerene (C60, Aldrich, 99.8 % pure) were dissolved in a 
mixture of 2 mL of elementary bromine and 10 mL of carbon disulfide. The 
resulting mixture was allowed to stand without stirring and heating for 10 days. 
The precipitate was filtered off, washed with hexane and dried at room 
temperature.[11] 
 
2.2.7 Preparation of polybrominated fullerenes (C60Br24) 
(Chapter 7) 
300 mg of buckminsterfullerene (Aldrich, 99.8 %) was dissolved in 2 mL of 
elementary bromine, in the presence of the catalytic quantity of FeBr3. The 
mixture was stirred for 40 min at room temperature, and when the reaction was 
completed, the excess of unreacted bromine was evaporated and the catalyst 
was separated by dissolving in a mixture of EtOH/H2O (v/v 1:2). The product 
was an orange-brown powder that showed no solubility in organic solvents.[12]  
 
2.2.7.1 Preparation of polyhydroxylated fullerenes [C60(OH)24] 
(Chapter 7) 
The fullerol derivative C60(OH)24 was obtained upon reaction of C60Br24 with 
5 mL of NaOH 2 M (pH= 13) for 2 hours at room temperature. After the 
completion of the reaction, the solvent was evaporated at 40 °C, and the 
mixture was filtered and washed 5 times with 10 mL of ethanol (70 %). The 
product after filtration was a dark brown amorphous powder, soluble in polar 
solvents like water.[13]  
 
2.2.7.2 Preparation of sodium fullerenes salt (C60O24Na24) 
(Chapter 7) 
Sodium oxofullerene salt C60O24Na24 was synthesized by neutralizing the 





solution (1.7 mL). The salt was precipitated with acetone, centrifuged, washed 
with acetone, and dried at room temperature. The product was a polycrystalline 
brown powder, soluble in water.  
A schematic representation of the products resulting from the preparation 





Figure 6: Schematic representation of fullerenes (C60), polybrominated fullerenes 
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